Objective To assess the association of pre-eclampsia with later cardiovascular death in mothers according to their lifetime number of pregnancies, and particularly after only one child.
Introduction
It is well established that women who have a pre-eclamptic pregnancy are at increased risk of death from cardiovascular diseases. [1] [2] [3] [4] [5] This risk is higher among women with preterm pre-eclampsia, a more severe expression of the condition. 3 5 Analysis of mortality risk has typically been restricted to pre-eclampsia in first pregnancies-a rational strategy, since the risk of pre-eclampsia is highest in first births. However, a possible shortcoming of this approach has been raised by recent papers on mortality and parity. 6 7 The authors found a 50% increase in mortality from circulatory diseases among women with only one child. Although it has previously been recognised that childless women have an increased risk of death from cardiovascular disease, raised mortality among women with just one child was unexpected.
The authors did not consider mortality after specific pregnancy outcomes. In view of the strong association between pre-eclampsia and subsequent maternal mortality (specifically cardiovascular death), we explored the possibility that women with pre-eclampsia in their first pregnancy and no additional pregnancies might be at particularly high risk. We pursued this question in a prospective, population based cohort study, by linking data from population based registries of birth and mortality in Norway, covering 42 years of observation.
Methods
Based on compulsory notification, the Medical Birth Registry of Norway has since 1967 recorded medical data on all births in the country with a gestational age of at least 16 weeks, 8 including information on maternal disease and conditions of the newborn. Data are registered by the attending midwife and doctor using a standardised notification form, either as free text or by predefined variables or check boxes. Free text is coded at the Medical Birth Registry using the ICD (international classification of diseases, 8th revision for years 1967-98; 10th revision since 1999).
The criteria for pre-eclampsia in the Medical Birth Registry of Norway are in accordance with the 1972 recommendations of the American College of Obstetricians and Gynecologists 9 : increased blood pressure after 20 weeks' gestation (defined as blood pressure 140/90 mm Hg or greater; or an increase in systolic blood pressure of ≥30 mm Hg or increase in diastolic blood pressure of ≥15 mm Hg, from measurements before 20 weeks of gestation), and proteinuria (≥0.3 g in 24 h urine specimen, or ≥1 point increase on urinary dipstick). A validation study of pre-eclampsia in the Medical Birth Registry showed that registered pre-eclampsia corresponds well with medical records. 10 A recent study on trends for pre-eclampsia in Norway 11 also concluded an increase in the condition over the period 1967-98, owing to an improved case ascertainment over time.
Using the national identification number, we linked each mother to her births for the period 1967-2009, yielding about 1.2 million mothers and 2.5 million births. For the present study, we restricted the analyses to 836 147 women who had their first singleton birth (from 22 weeks' gestation) between 1967 and 2002, which allowed us to include second births that occurred within seven years after the first birth. About 95% of Norwegian women with two or more births had their second birth within seven years. Data for these women were linked to the national Cause of Death Registry through December 2009. Loss to follow-up owing to emigration from Norway was low (<1%).
We classified causes of maternal death according to ICD-10 for the years 1996-2009, ICD-9 for 1986-95, and ICD-8 for 1969-85). In addition to total mortality, we analysed deaths due to:
• Diseases of the circulatory system: I00-I99 (ICD-10), 390-459 (ICD-8 and ICD-9)
• Ischaemic heart diseases: I20-I25 (ICD-10), 410-414, (ICD-8 and ICD-9)
• Cerebrovascular diseases (stroke): I60-I69 (ICD-10), 430-438 (ICD-8 and ICD-9)
We combined deaths from coronary heart disease and stroke into one entity denoted "cardiovascular deaths" for most of our analyses. Among the 836 147 women who were included, 23 009 died during follow-up, and 3891 of the deaths were due to diseases of the circulatory system.
We aimed to assess how additional births after a pre-eclamptic pregnancy could influence later risk of death from cardiovascular causes, as well as all cause mortality, while taking account of the number of births. We constructed a composite variable that combined the number of births (one v two or more) with the outcome of the first pregnancy (term and no pre-eclampsia, term pre-eclampsia, and preterm pre-eclampsia). This composite provided an "exposure" variable with six categories (tables 1⇓ and 2⇓). Thus, we studied the association of pre-eclampsia, indicated by term or preterm delivery, with the risk of deaths, and assessed whether the associations differed by the number of births in a woman's lifetime.
In a subanalysis of fathers, we used the same analytical strategy and selection criteria as for mothers. The identification number of fathers was missing in 17 369 (2.1%) of the first births, and we excluded sibships if the mother had a new partner in her second pregnancy. Thus, our analysis included 659 732 fathers and 37 441 deaths (12 066 deaths due to cardiovascular causes).
We constructed graphs from standard life tables and summarised mortality using Cox proportional hazard models (SPSS for Windows version 19.0, and Stata version 11.0). We tested for effects of interaction between the number of pregnancies (one v two or more) and pre-eclampsia in the first pregnancy using Wald χ 2 tests, as available in SPSS and Stata. The time variable in the Cox models was "time from first birth to death." We adjusted for (maternal or paternal) age at first birth (using a linear term), year of first birth (using a linear term), education (stratified into: did not complete high school (low level), completed high school (14 years' education; medium), educated beyond high school (high)). We also evaluated the results using categorical variables for year of birth (in five year periods) and age at first birth (in five year categories: <20, 20-24, 25-29, 30-34, ≥35 years). Where these were analysed, we found slightly stronger results. Missing values for these variables were rare: both maternal age and year of birth were complete, and maternal education was 98.5% complete. Preterm birth is defined as a delivery occurring between 22 and 36 completed weeks of gestation. Data for gestational age were missing for 3.7% for the years 1967-80, while 5% were missing for the later years. Estimating gestational age by birth weight (99.8% complete), and predicting <2500 g as preterm, slightly increased the hazard ratios in table 1.
Results

Parity and total mortality
The majority of mothers, 700 400 (84%) had two or more children during their lifetime. Consistent with the earlier study, 6 women with only one child had higher total mortality than women with two or more births (adjusted hazard ratio 1.9, 95% confidence interval 1.9 to 2.0).
Pre-eclampsia, parity, and total mortality
In our analysis, 34 824 (4.2%) women had pre-eclampsia in their first pregnancy. Considering all women, pre-eclampsia in the first pregnancy was associated with a slight increase in total mortality (adjusted hazard ratio 1.1, 95% confidence interval 1.0 to 1.1; table 1). This risk was concentrated entirely among women with preterm pre-eclampsia (1.4, 1.2 to 1.6). Among women with only one child, the risk added by pre-eclampsia was again entirely among the women with preterm pre-eclampsia (3.1 (2.5 to 3.9); table 1). One child mothers with term birth had the same increase in mortality risk regardless of whether they had pre-eclampsia or not (adjusted hazard ratios 1.8 and 1.9, respectively). Among women with two or more lifetime pregnancies, there was no apparent increase in total mortality after either term pre-eclampsia (1.0, 0.90 to 1.1) or preterm pre-eclampsia (1.1, 0.87 to 1.4) in the first pregnancy.
Pre-eclampsia, parity, and cardiovascular mortality
Since pre-eclampsia has been associated specifically with cardiovascular disease risk, we divided mortality into cardiovascular and non-cardiovascular causes. Women with pre-eclampsia in the first pregnancy had nearly a doubling of cardiovascular mortality risk overall, compared with those who did not have pre-eclampsia (adjusted hazard ratio 1.9, 95% confidence interval 1.6 to 2.2; table 1), but no increase in other causes of death (0.93, 0.86 to 1.00). Cardiovascular risk was higher after preterm pre-eclampsia than after term pre-eclampsia (hazard ratio 3.7 v 1.6; table 1). Restricting the analysis to women with only one child, the risk of cardiovascular death was much higher. Adjusted hazard ratios were 3.4 (2.6 to 4.6) after term pre-eclampsia and 9.4 (6.5 to 13.7) after preterm pre-eclampsia. These mortality hazard ratios fell to 1.5 and 2.4, respectively, among the women with pre-eclampsia who went on to have more births. Their excess risk of non-cardiovascular death disappeared entirely. Figure 1⇓ shows cumulative rates of death by year, from the year of first pregnancy. We compared maternal death by the outcome of the first pregnancy (term birth and no pre-eclampsia, term pre-eclampsia, and preterm pre-eclampsia). In separate panels, we presented risks for women with only one child and those with two or more. The cumulative rate of cardiovascular mortality among women with preterm pre-eclampsia was 9.2% after having only one child, falling to 1.1% for those women with two or more children (adjusted hazard ratio 5.0, 95% confidence interval 2.4 to 10). With term pre-eclampsia, the rates were 2.8% and 1.1%, respectively.
Cumulative mortality curves
Subcategories of cardiovascular mortality
We divided cardiovascular mortality into its two main subgroups (ischaemic heart disease and stroke) to determine whether the associations with parity and pre-eclampsia differed between these two types of deaths. The patterns for these two groups were similar to each other (table 2) . For comparison, we also presented results for other circulatory causes-these hazard ratios were lower than for ischaemic heart disease and stroke, especially for women with preterm pre-eclampsia and only one lifetime pregnancy.
Interaction of pre-eclampsia and one child mothers in predicting mortality
Data in table 1 and figure 1 suggested that having only one child strongly interacts with preterm pre-eclampsia in predicting subsequent cardiovascular and total mortality. We tested this interaction using a Wald test (df=1), which showed a significant association (χ 2 =8.3, P=0.004 (cardiovascular mortality); χ 2 =15.1, P<0.001 (all cause mortality)). This result remained significant in the adjusted model (χ 2 =4.9, P=0.028; χ 2 =7.3, P=0.007, respectively). We saw little evidence for an interaction of having one child with term pre-eclampsia in predicting subsequent cardiovascular and total mortality (P>0.1).
Maternal age at first birth and cardiovascular mortality
We explored the effects of maternal age at the time of first pregnancy in the observed associations. Preterm pre-eclampsia was much more strongly associated with cardiovascular mortality for women who had their only child before age 30 years than after 30 years (adjusted hazard ratio 14.0 (95% confidence interval 8.7 to 23) v 4.4 (2.4 to 8)). Both estimates were relative to women in the same age category with two or more lifetime births and a term first pregnancy without pre-eclampsia.
Maternal age and cardiovascular mortality
We assessed the age specific risk of cardiovascular death associated with parity and pre-eclampsia ( fig 2⇓) . Women with only one pregnancy consistently had higher relative risk of cardiovascular mortality at younger ages than at older ages. This association was true regardless of whether the first pregnancy was pre-eclamptic or not, although the risk of death was obviously higher in the presence of pre-eclampsia than in its absence. By contrast, women who had two or more pregnancies had a lower risk of cardiovascular death overall; no evidence of an increased relative risk was seen at younger maternal ages.
The role of diabetes or hypertension
Previously existing illnesses such as diabetes or hypertension might contribute to the observed associations, since these conditions increase the risk for pre-eclampsia and also cardiovascular disease. To the extent that women with diabetes or hypertension are discouraged from having additional pregnancies, this would contribute to the interaction of parity with pre-eclampsia. We expected that diabetes and pre-existing hypertension were under-reported in the registry, but that the recorded diagnoses were generally correct. We explored the possible role of diabetes by excluding 4322 (0.5%) women with recorded pre-gestational or gestational diabetes in their first pregnancy. After excluding these women, the adjusted hazard ratio of cardiovascular mortality with preterm pre-eclampsia fell from 9.4 (95% confidence interval 6.5 to 13.7; table 1) to 6.8 (4.3 to 11). A corresponding exclusion of women with pre-existing hypertension had little effect on the hazard ratios.
Pre-eclampsia and mortality among fathers
Pre-eclampsia in the first pregnancy had no role in the mortality of fathers. For fathers with two or more children, term pre-eclampsia in the first pregnancy was associated with an all cause mortality ratio of 1.02 (95% confidence interval 0.95 to 1.1), and preterm pre-eclampsia with a mortality ratio of 0.99 (0.82 to 1.2). As with one child mothers, fathers with only one child had a higher risk of all cause mortality than those with two or more children (adjusted hazard ratio 1.6, 95% confidence interval 1.5 to 1.6), but this risk was unaffected by their partner's pre-eclampsia (1.5 (1.4 to 1.7) for term pre-eclampsia, 1.6 (1.3 to 1.9) for preterm pre-eclampsia). The results were similar for cardiovascular and other causes of death.
Social factors
Women's education (stratified into three levels) was strongly associated with cardiovascular death (low v high level of education; adjusted hazard ratio 3.0, 95% confidence interval 2.6 to 3.5). In most analyses, we adjusted for maternal education. Further analyses stratified by education suggested possible interactions with education. Among women who had reached a low level of education, those with preterm pre-eclampsia and one child had an increased risk of cardiovascular death (7.9 (5.1 to 12)). Those women who had reached a high level of education had a larger increase in risk if they had a pre-eclamptic first pregnancy and only one lifetime child (21 (9.2 to 49)).
Women who were unmarried at first birth were more likely to have only one child than women married at their first birth. After excluding unmarried women from the main analysis 
Pre-eclampsia in later pregnancies
Some authors have reported an increased risk of mortality after repeated pre-eclampsia. 12 13 We therefore considered the possible consequences of having more than one affected pregnancy. Table 3⇓ shows associations of recurrent pre-eclampsia with later cardiovascular mortality. We saw a weak increase in risk of cardiovascular death among women with two or more lifetime births and pre-eclampsia in the first pregnancy (adjusted hazard ratio 1.5, 95% confidence interval 1.2 to 1.9). The risk was slightly higher for women with pre-eclampsia in a later pregnancy regardless of whether the condition had also occurred in the first pregnancy (2.0, 1.2 to 3.3) or not (2.0, 1.5 to 2.6). Women with preterm pre-eclampsia in a later birth had a higher risk of cardiovascular death (3.0, 1.9 to 4.9). We did not have power in the data to fully explore the effects of recurrent preterm pre-eclampsia.
Discussion
Women with a history of pre-eclampsia have consistently been found to have a strongly increased risk of cardiovascular disease and death-particularly women with preterm or severe pre-eclampsia. 2-5 12-15 This association is considered sufficient by the American Heart Association to justify obstetric referral of affected women for cardiovascular follow-up. 16 Recent studies by Grundy and Kravdal 6 7 suggested that parity is a factor in maternal mortality that has not yet been explored. Specifically, the authors showed that women with one pregnancy were at higher risk of mortality in general, and from cardiovascular disease specifically. This association raises new questions regarding previous observations with pre-eclampsia, which have considered pre-eclampsia in the first pregnancy without regard to number of subsequent pregnancies.
Using data from the Norwegian birth and mortality registries, we found that the well known association of pre-eclampsia in the first pregnancy and lifetime cardiovascular mortality is strongly affected by whether women have a subsequent pregnancy. This is most apparent for women who have preterm pre-eclampsia in their first pregnancy. Those who have no more children have a ninefold increased risk, whereas those who go on to have more pregnancies have a 2.4-fold risk. This high risk to women with preterm pre-eclampsia and only one child has not been previously reported. Studies have focused on the high risk for women with many pregnancies, 17 18 and a small study even concluded that nulliparous women have the lowest risk for cardiovascular disease.
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Possible underlying mechanisms
The association of pre-eclampsia with subsequent cardiovascular mortality has been discussed as perhaps resulting from the changes that occur during pre-eclampsia. Severe endothelial dysfunction can occur with pre-eclampsia, and these endothelial changes might in turn increase the risk of cardiovascular disease. [20] [21] [22] It seems unlikely, however, that an additional pregnancy could physiologically reverse such changes. Several non-causal mechanisms might explain this association.
Truncation by mortality
The association could be an artefact of early deaths among women with one pregnancy who are thus unable to have additional pregnancies. We looked at this factor in several ways, with perhaps the most convincing observation being the relatively late increase in cardiovascular risk after first pregnancy (fig 1) . Virtually no excess mortality was observed within the first 10 years after the first pregnancy, during which time most women would have had the opportunity to have a second birth if they wanted one (95% of women in our cohort had their second birth within seven years of the first). Excluding all women who died within the first years after the first birth did not change our hazard ratio estimates.
Voluntary limitation of family size
Another possible explanation for the association is that women with severe underlying disease may be advised against further pregnancies by their physician. In support of this, we found that women with preterm pre-eclampsia and diabetes were less likely to continue to a second pregnancy than those without either condition (relative risk 0.60, 95% confidence interval 0.47 to 0.75). Although we could not determine the extent to which health considerations might influence a woman's decision to have more children, adjusting for pre-existing diabetes reduced the strength of the association. Since diabetes in pregnancy is under-diagnosed and under-reported, the association could be reduced even further with more complete data for diabetes and other risk factors.
Involuntary infertility
Reduced fertility after pre-eclampsia in a first pregnancy may not be intentional. Underlying conditions predisposing to pre-eclampsia and cardiovascular mortality might themselves decrease the ability to have more children. Diabetes and obesity are specific factors that increase a woman's risk of pre-eclampsia, [23] [24] [25] [26] [27] her risk of cardiovascular disease, 28 29 and infertility. 30 31 Diabetes and other risk factors would not necessarily have to be clinically recognised to have this effect. Subfertility has been associated with increased risk even after controlling for known cardiovascular disease risk factors. 32 Pre-eclampsia may itself be an early expression of undiagnosed cardiovascular disease risk factors. 33 
Social confounding
Social class and education have been associated with cardiovascular risk factors and also with parity. Their role must therefore be considered in the associations described here. However, lower social class and education, which is usually accompanied by increased risk of cardiovascular disease, is usually also associated with less effective fertility control and more pregnancies. This would not create the observed associations. Our analysis of fathers provides further evidence that social factors are not the underlying cause. To the extent that such confounding was present, the associations would presumably be expressed in the cardiovascular risk of the fathers as well, since the two parents share social factors. In our data, father's cardiovascular death risk was not associated with pre-eclampsia in his partner, providing no support for socioeconomic confounding. The associations actually appeared stronger in well educated women and married women.
However, as with mothers, fathers with only one child have an increased risk of early death. The associations of male infertility with cardiovascular disease risk factors such as obesity 34 and diabetes 35 may contribute to this association.
Comparisons with other studies
There is an extensive literature on the association of pregnancy complications with cardiovascular diseases in mothers. [36] [37] [38] [39] Most studies have focused on first pregnancies, which is an approach that simplifies both the study design and analysis. Also, pre-eclampsia has often been regarded as primarily a disease of first pregnancies (even though risk is certainly not zero in subsequent pregnancies). Although pre-eclampsia data are usually available for later pregnancies, 12 13 36 investigators have given little attention to parity, and none has considered the association of pre-eclampsia and mortality in women with only one pregnancy.
We have used preterm pre-eclampsia as a surrogate measure of pre-eclampsia severity. Preterm delivery in the absence of pre-eclampsia has itself been shown to be an independent (if weaker) risk factor for cardiovascular death. 36 40 The extent to which undiagnosed pre-eclampsia might contribute to that association has not been explored.
Women with pre-eclampsia in two or more pregnancies have been suggested to be at particularly high risk for cardiovascular death. [41] [42] [43] This effect was not confirmed in our data, except among the small number of women with two or more pre-eclamptic pregnancies after their first pregnancy. The fact that risk factors for pre-eclampsia and cardiovascular disease become stronger with age provides further support for the hypothesis of shared risk factors as the basis for the associations.
Strengths and weaknesses
Weaknesses of this study included a lack of detailed data on underlying cardiovascular risk factors before and after pregnancy, lack of information on important covariates such as body mass index and smoking, and an absence of any information on why women might have had only one child. Strengths of the study included its use of a large national cohort of women with complete prospective registration of exposures and outcomes, including total reproduction of all women in the cohort. Also, the data provided mortality follow-up for up to 42 years after the first birth, with a median follow-up of 25 years.
Relevance for other populations and for prevention
We expect that these results would apply to other populations with similar reproduction patterns. In Norway, about 85% of women who had one pregnancy went on to have a second. This proportion was fairly constant throughout the study period. In populations with a lower general fertility rate, stratification of women with one pregnancy might not show the same extreme heterogeneity in hazard ratios-which we believe is due to selective factors that isolate high risk women in the one child group.
As many other investigators have suggested, 25 38 44-46 pre-eclampsia can be a useful marker of a woman's cardiovascular risk. However, our data showed that not all women with pre-eclampsia are at high risk. Excess risk was particularly concentrated among women with preterm pre-eclampsia in their first pregnancy and no subsequent children. This group accounted for only 25% of all preterm pre-eclampsia cases at first pregnancy, but nearly two thirds of cardiovascular deaths. Rather than regard all women with pre-eclampsia as candidates for special monitoring (as current clinical guidelines recommend), 16 consideration should be given to one child mothers-especially if their pre-eclampsia was preterm. By contrast, women who have term pre-eclampsia in their first pregnancy and go on to have unaffected pregnancies have only modest elevations in risk of cardiovascular disease.
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What is already known on this topic
Women with a pre-eclamptic pregnancy are at increased risk of death from cardiovascular disease This conclusion has been based largely on studies of outcome of first births
What this study adds
Excess risk of cardiovascular death was concentrated among women with preterm pre-eclampsia in their first pregnancy and no subsequent children
The association might be due to health problems that discourage or prevent further pregnancies Women who have term pre-eclampsia in their first pregnancy and go on to have unaffected pregnancies have only modest elevations in risk Table 2| Long term mortality from circulatory causes in women with pre-eclampsia during first singleton pregnancy 
Fig 2
Age specific risk of cardiovascular death in mothers, according to parity and pre-eclampsia. Hazard ratios were adjusted for maternal age, year of first birth, and maternal education (three categories). References within each age group were women with a first birth born to term with no pre-eclampsia, and two or more lifetime births
